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Surface and Bulk Infrared Modes of
Crystalline and Amorphous Silica
Particles: A Study of the Relation
of Surface Structure to Cytotoxicity of
Respirable Silica
by Raghoottama S. Pandurangi,* Mohindar S. Seehra,*
Bronwyn L. Razzaboni,t and Pedro Bolsaitist
Surface IR (infrared) modes ofcrystalline and fumed (amorphous) silica particles, calcined at tempera-
tures up to 1095°C, have been studied by Fouriertransform infrared spectroscopy. The ability ofthese same
particles tolyse cells hasbeen measured by ahemolysis protocol. The untreated crystalline and amorphous
materialsdifferbyafactorof40inspecific surfacearea, andthe intensityperunitmassofthe sharpsurface
silanol band near 3745 cm-' in the amorphous material is an order of magnitude larger than in the
crystalline material. A similar difference is observed in the lysing potential of the two materials. The
intensity ofthesilanol bandincreases aftercalcination forbothmaterials, reachingpeakvaluesnear500°C,
followedbyadramaticdropathighercalcinationtemperatures, andreachingnegligiblevaluesformaterials
calcined near 1100C. The lysing potential data follow essentially the same pattern for both crystalline and
fumedsilica. Theseresults areconsistentwiththehypothesis thatthe surface silanol groups are involved in
cell lysis. Further experiments are suggested to evaluate the relationship between the surface structure of
silica particles and their potential cytotoxicity.
Introduction
The characterization ofthe surface structure ofvari-
ous allotropic forms of silica is of interest because the
cytotoxicity ofsilicaparticles ofrespirable size has been
commonly related to the chemical interaction of func-
tional groups on the surface of such particles with the
lipoproteins contained in cell membranes (1-3). It has
been found that the cytotoxic potential ofsilicaparticles
varies greatly with their crystalline structure (4,5),
particle size (6-8), surface composition (9), and molecu-
lar surface configuration (1,10). Studies ofthe infrared
(IR) modes ofvarious forms ofsilicahave beenreported
by anumberofresearchers(3,11-19). Severalbooksand
reviews (20-24) have dealt with the identification of
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functionalgroups on silicasurfaces andthe effectofheat
treatment on the surface structure. The nature of the
surface is said tobe criticalindeterminingthebiological
activity of silica dusts (3).
Fourier transform infrared (FTIR) spectroscopy is a
highly sensitive technique for identifying IR surface
modesoffineparticulates, andit wasdeemedofinterest
to examine the surface structure and its relation to
lysing potential of two widely different types of respi-
rable silica dust. The lysing potential ofrespirable dust
particles has been considered afirst-leveltestforpoten-
tial cytotoxicity.
The materials selected for study were Min-U-Sil, a
widely used crystalline dust ofa-quartz structure, and
Cab-O-Sil, an amorphous, fumed silica of a very large
specific surface area. a-Quartzisthemost commonform
of crystalline silica and is found in dusts generated in
various mining operations. Fumed silica is a commonly
used fillerand additive butmay mayalsobefound inthe
atmosphere near glass blowing and other high-
temperature processing operations that use siliceous
materials. We have studied the hemolytic activity andPANDURANGI ET AL.
the IR spectra ofMin-U-Siland Cab-O-Sil samples after
different thermal treatments to determine the relation-
ship between surface structure and the lysing potential
of silica particles.
The IR spectraofthetwosetsofsamplesdifferinthat
severalbulklatticemodesandsomeofthesurfacemodes
that are present inthe Min-U-Sil samples aremissingin
theCab-O-Silsamples. Although Cab-O-Silwasfoundto
be more cytotoxic than Min-U-Sil on a per unit weight
basis and less toxic than Min-U-Sil on a perunit surface
areabasis, apositive correlation between the cytotoxic-
ity and the intensity ofthe surface silanol band at 3745
cm-1 was observed for both materials. Details ofthese
results and their interpretation are presented below.
Experimental Methods
Materials
The Min-U-Sil and Cab-O-Sil used in this study were
obtained from U.S. Silica Inc. ofBerkeley Springs, WV
and from CABOT Corporation of Tuscola, IL, respec-
tively. X-ray diffraction analysis of the two materials
showed Min-U-Sil tobe essentially pure a-quartz, while
the Cab-O-Sil dustexhibited nodetectable crystallinity.
The particle size distribution of Min-U-Sil, determined
by sedimentation, is shown in Figure 1. The specific
surface areas ofthe Min-U-Sil and Cab-O-Sil dusts were
measured by Branauer-Emmett-Teller (BET) adsorp-
tometry as 5.0 m2/g and 200 m2/g, respectively. The
particle morphology ofthe two materials is compared in
the micrographs ofFigure 2. Thesemicrographs clearly
showthecrystalline nature(characteristicplanes, sharp
angles) of Min-U-Sil and the amorphous features of
Cab-O-Sil.
The IR spectraofthedusts, aswell astheirhemolytic
activity, were tested in the as-received condition and
aftercalcination atseveraltemperatures between 100°C
and 1095°C. All materials were stored after calcination
in a dessicator until the time of testing with erythro-
cytes. Forthe FTIR spectroscopy, thin discs (diameter
= 12 mm) of both Cab-O-Sil and Min-U-Sil (using 14.9
mgofCab-O-Sil and 34.0mgofMin-U-Sil) werepressed
at 30 tons/cm2. Self-supporting discs ofthe above diam-
eter could not be pressed from 14.9 mg of Min-U-Sil.
These self-supported discs were then calcined in air for
12 hr at temperatures of 200, 400, 500, 600, 800, and
1095°C. After each calcination period the disc was
removed from the furnace and immediately transferred
to the IR cell, and its spectrum was measured at room
temperature. Some of the sample disks were delib-
eratelyexposedtoairfor10hrafterthe 12-hrcalcination
period, andthe IR spectrawasredetermined. The same
disc was used for experiments at progressively higher
calcination temperatures.
Spectroscopy
The FTIR spectra were taken with aMattson Instru-
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FIGURE 1. Particle size distribution of Min-U-Sil versus cumulative
mass percentage (source: U.S. Silica, Berkeley Springs, WV).
About80% ofthe sample mass is contained in particle sizes between
2 and 10 ,um.
ments Cygnus 100 FTIR spectrometer. The sample cell
was flushed thoroughly with dry nitrogen before each
measurement. Usually 20 min offlushing was sufficient
to remove anyinterference fromwaterand carbon diox-
ide bands. During data collection, the flow rate of dry
nitrogen was kept to a minimum. For most measure-
ments, data were collected for 256 scans at a resolution
of 1 cm-1. The aperture of the beam was adjusted to
match the diameter of the sample disc, allowing entire
disc to be sampled during the measurements.
Hemolysis Assay
The test protocol developed by Harington et al. (9)
wasused withslightmodifications forthepresentinves-
tigation. Each test sample of dust was prepared in a
stock concentration of 2 mg dust/mL of calcium- and
magnesium-free Dulbecco's phosphate-buffered saline
(PBS) obtained from Sigma Chemical Company (St.
Louis, MO). The dust-saline mixture was stirred in a
sonicator bath until the dust was fully dispersed and
suspendedintheliquid phase. The stocksuspension was
then diluted to make sample preparations, in duplicate,
of 0.04 to 2.0 mg dust/mL PBS. Sheep blood erythro-
cytes, supplied by Scott Laboratories (Fiskeville, RI)
were washed twice with PBS, centrifuged at 990g and
dilutedto aconcentrationof2%byvolumeinPBS. Equal
volumes of dust suspension and the 2% erythrocyte
suspension were then mixed to obtain mixed sus-
pensions of 1% by volume oferthyrocyte cells and dust
concentrations in the range of 0.02 to 1.0 mg dust/mL.
x
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FIGURE 2. Scanning electron micrographs of Min-U-Sil (A,B) and
Cab-O-Sil samples.
These suspensions were subsequently incubated for 30
minutes at roomtemperature andagitated every 10min,
followed by centrifugation at 990g for 10 min. The
amount ofhemoglobinreleased, whichisproportional to
the number of ruptured blood cells, was used as the
measure ofthelysingpotential ofthe dustparticles. The
hemoglobin concentrations were determined color-
imetrically on a Bausch and Lomb Spectrometer (Spec
20) at a wavelength of 540 nm. Negative controls con-
sisted of2% suspensions oferythrocyte cells in PBS and
positive controls of an equal volume mixture of water
and the 2% by volume suspension of erythrocytes in
PBS. Experiments were repeated two to seven times,
and the standard deviations were determined by analy-
sis of variance.
Results and Discussion
The FTIR spectra of the untreated Cab-O-Sil and
Min-U-Sil discs in the range of 400 to 2500 cm-1, are
shown in Figure 3 and in the range of2500 to 4000 cm-1
in Figure 4. Temperature-dependent runs were con-
ducted ontheself-supportingdiscs at 1 cm-1 resolution.
Cab-O-Sil (C,D) particles. Note the lack of crystallanity in the
A summary ofthe positions ofmajorbands ofuntreated
samples is presented in Table 1. A summary of the
results follows.
Lattice Modes
The IR modesbelow2000cm1 areusuallyassociated
with bulk lattice modes, different normal modes of the
nonlinear O-Si-O configuration (19-21). The IR spec-
trum ofthe Min-U-Sil sample below 2000 cm-1 (Fig. 3)
corresponds to that of crystalline a-quartz (17-19). In
Cab-O-Sil(Fig. 3), ontheotherhand, twomajorbandsat
469 and 693 cm-i and the three minor bands at 1528,
1684 and 1794 cm 1 are absent, and some ofthe remain-
ing ones appear to be blue-shifted. This suggests that
the bulk symmetry ofthe Cab-O-Sil sample is different
from that of a-quartz and that some bands are extinct
because ofthe lowered symmetry.
Surface Modes
The untreated Cab-O-Sil sample shows a broad band
in the range of3000 to 3700 cm-1 with a weak shoulder
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FIGURE 3. FTIR spectra of Cab-O-Sil and Min-U-Sil samples in the
range of400 to 2500cm-1. Note themissingbands in Cab-O-Sil (see
Table 1 also).
Table 1. Comparison ofthe position ofvarious bands (in cm-')
in Min-U-Sil and Cab-O-Sil; note several missing bands
in Cab-O-Sil due to lack of crystallanity.
Untreated Min-U-Sil Untreated Cab-O-Sil Comments
469 Absent
522 521
693 Absent
70 }doublet 812
1080 1130
Absent 988 (Shoulder) (23,24)
1528 Absent
1609 1626
1684 Absent
1869 1864
1998 2002
2900
group of bands Present Aliphatic impurities
3700-3000
broad band Present H-bonded impurities
3745 band, low Very sharp and (OH) of Si-(OH)
intensity high intensity
3695 Absent H-bonded species (1)
3619 Absent
3258 Absent
Absent 3637 shoulder
around 3637 cm- 1 and a sharp band at 3745 cm-1 (Fig.
4). These two bands have been observed by anumberof
workers in earlier studies (3,11-16,21-25). The broad
band is identified with hydrogen-bonded OH surface
groups, physisorbed water, and other impurities on the
silica surface. The sharp band at 3745 cm-1 has been
assigned to the free surface OH group attached to Si as
Si-O-H (14-16,25-27). The weak kink appearing at 988
cm 1 (Fig. 3) is also assigned to the A-type mode ofthe
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FIGURE 4. FTIR absorbance of Cab-O-Sil and Min-U-Sil samples in
therange of2500to4000cm7l. Notethedifferentordinatescalesfor
the two samples.
Si-O-Hgroup. Thisassignmentisbasedonthestudiesof
deuterated samples (23,24) and onthe closerelationship
between the intensity ofthis kink and that ofthe 3745
cm-1 band. When the material is calcined at tempera-
tures below 500°C, the intensities ofboth the 988 cm-1
and the 3745 cm-1 bands increase with calcination tem-
peratures. This observation is in agreement with other
studiesthathave shown agrowthofthefree surface OH
band after heating at temperatures below 500 to 600°C
(16,22,25).
The untreated Min-U-Sil also shows a broad band in
the range of3000 to 3700 cm-1 and aweakband at 3745
cm-1. On closer examination, peaks are also found at
3695 cm-1 and 3619 cm-1 with a small shoulder at 3258
cm-1 (Fig. 4). The bands at 3695 cm-1 and 3619 cm-
have also been reported by Kriegseis et al. (1).
The intensity ofthe 3745-cm-1 band is about 18 times
larger for the uncalcined Cab-O-Sil sample than for the
similarly uncalcined Min-U-Sil sample of equal weight.
However, the specific surface area ofCab-O-Silis about
40timeslargerthanthatofMin-U-Sil. Itfollowsthatfor
samples ofequal surface area, Min-U-Sil would show a
larger peak intensity of this band.
Change ofthe Surface IR Modes with
Calcination Temperature
The change of the surface IR modes between 2500
cm-1 and 4000 cm-1 for Cab-O-Sil calcined at several
temperatures is show in Figure 5. The intensity ofthe
broad band*between 3000 cm-1 and 3700 cm-1 was
computed by measuring first the area under both the
narrow and broad band in the range of 3000 cm-1 and
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FIGURE 5. The FTIR spectra of the Cab-O-Sil disc for calcination
temperatures of25, 200, 500, and 1095°C inthe rangeof3000to4000
cm-1. Arrows point to the peak position of the narrow band at
different temperatures. For samples calcined at 1095°C, no bands
are observed in this range.
3760 cm-1 and then subtracting from it the area ofthe
narrow band. This procedure allowed us to use a nearly
horizontal base line for computing area of the broad
band.
The change in the intensity of the broad band with
calcination temperatures for Cab-O-Sil and Min-U-Sil
samples is shown in Figure 6. As noted earlier, this
broad band is attributed to H-bonded OH groups, physi-
sorbed water, and other impurities on the surface of
silica. On a perunit massbasis, theintensityofthisband
is about three times larger in Cab-O-Sil than in Min-U-
Sil in the noncalcined condition. Considering that the
surface area ofCab-O-Sil is 40 times largerthan Min-U-
Sil, this stillindicates more extensive hydrogenbonding
amongthe silanol groups or alargeramount ofabsorbed
water on the surface of the crystalline material. The
latter observation is consistent with the finding ofmul-
tiple absorbed water layers on a-quartz surfaces re-
portedbyBaumann(28). Accordingtotheresults shown
in Figure 6, the intensity ofthis band decreases sharply
with increasing calcination temperatures forboth mate-
rials. The temperature at which the intensity ap-
proaches zero is about 500°C for Cab-O-Sil and about
800°C for Min-U-Sil. The small shoulders to the band at
3619 cm -land 3695 cm-1 found in the uncalcined mate-
rials are not observed after calcination at temperatures
above 500°C.
The shape of the narrow band at 3745 cm- after
calcination at several temperatures for the Cab-O-Sil is
shownin Figure 7. InFigure 8theintensity ofthis band
is plotted against calcination temperature forboth Cab-
O-Sil and Min-U-Sil. Both samples show peak mag-
nitudesofthisband near500°Cfollowedby adecreaseto
almost zeroat1095°C. The uppersetofpointsinFigure8
represent the dataobtained whenthe discsamples were
heated for 12 hr, removed from the furnace, and im-
mediately placed intothe IR cell. The lower set ofpoints
TEMPERATURE (C)
FIGURE 6. Variation of the intensity of the broad band (3000-3700
cm-l) per mgofthe sampleswithcalcinationtemperature. Intensity
refers to the areaunderthe band in cmt' (see text forthe procedure
ofcalculating intensity). Lines connecting the points are drawn for
visual aid.
represent data obtained for Cab-O-Sil when the disks
were partly rehydroxylated by exposure to ambient air
for 10 hr after calcination. These results show that the
time required forhydroxylation decreases with increas-
ing calcination temperature and that beyond some tem-
perature, the surface becomes essentially inert to re-
hydroxylation. This is in agreement with previously
reported observations onthekineticsofrehydroxylation
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FIGURE 7. Profiles of the narrow silanol band near 3745 cm-1 in
Cab-O-Sil at different calcination temperatures.
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FIGURE 8. Intensity of the narrow silanol band near 3745 cm1f at
different calcination temperatures in Cab-O-Sil and Min-U-Sil. The
lower set of points for Cab-O-Sil are obtained after the sample is
allowedtorehydroxylate inairfor 10hr. Notethedifferentscalesfor
the intensity for Cab-O-Sil and Min-U-Sil. Lines connecting the
points are drawn for visual aid.
of silica surfaces (29,30). Also, the upper points should
be close to the high temperature equilibrium values,
since nosignificant change intheintensity oftheband is
expected in the few minutes needed to transfer the
sample from the furnace to the IR cell.
The position of the narrow band is also observed to
shift to higher frequencies with increasing calcination
temperatures in both Cab-O-Sil and Min-U-Sil as is
shown in Figure 9. Similar results were reported by
Hoffman et al. (16). Changes in Av (half-width at half-
maximum) of this band with calcination temperatures
areshowninFigure 10. Boththelinepositionand Av are
temperature dependent below 500°C, whereas above
500°C, there are only minor changes in their mag-
nitudes. FromFigures 6and8through 10, itis apparent
thatastheintensityofthebroadband(3000-3700 cm-)
decreases with calcination temperatures to 500°C, the
intensity of the narrow band increases, and its line
position and line width are also affected. Note also that
above 500°C, the line positions of the narrow band for
Cab-O-SilandMin-U-Silcoincide andthere arenosignif-
icantchangesinAv. Webelievethatchangesobservedin
the narrow band below 500°C are primarily due to per-
tubation from the broad band.
The effect ofcalcination ontheparticlemorphology is
asfollows: X-raypowderpatternsofthecalcinedCab-O-
E
0 z
w
a
w
L-
0 200 400 600 800 1000
TEMPERATURE (C)
FIGURE 9. Variationofthefrequency(lineposition) ofthesilanolband
in Cab-O-Sil and Min-U-Sil with calcination temperature. Lines
connecting the points are drawn for visual aid.
Sil showed no detectable crystallanity. However, ap-
preciable sintering of the material was evidenced by a
decrease in the specific surface area from 200 m2/g for
the untreated material to 186 (± 5) m2/g for material
calcined at800°C and 71 ( + 5) m2/gformaterialcalcined
at 1095°C. No change in specific surface area ofMin-U-
Sil was observed under the calcination conditions em-
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FIGURE 10. Variation ofAv (half-width athalfmaximum) ofthesilanol
band near 3745 cm-' in the Cab-O-Sil sample with calcination tem-
perature. Lines connecting the points are drawn for visual aid. For
Min-U-Sil, intensityofthebandistoolowtoaccurately measure Av.
Cab-O-Sil
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Cab-O-SIl ployed. The FTIR spectra of calcined Cab-O-Sil also Cab-O-Sil showed no newbulk modes which would be evidence of
change in crystallinity.
/' Hemolytic Activity
The hemolytic activities of untreated Min-U-Sil and 1- -LCab-O-Sil as a function of dust concentration are com-
paredinFigure 11. Theseresults showthatonaperunit
weight basis Cab-O-Sil is about an order ofmagnitude
morehemolyticthanMin-U-Sil. Theoppositeisthecase,
however, ifthe hemolytic activity is measured per unit
Min-U-Sil surface area, since the specific surface areaofCab-O-Sil -t-
--A F isapproximately40timeslargerthanthatofMin-U-Sil.
r / . The effects of calcination on the relative hemolytic
activity (treated sample/untreated) of Cab-O-Sil and I _- Min-U-Sil are depicted in Figure 12. The activity in-
creased slightly aftercalcination attemperatures below
< - , , , , ~~~~~~500°Cfor Min-U-Sil. Both materials exhibit dramatic
0.1 0.2 0.3 0.4 0.5 decreases inhemolyticbehaviorwhencalcined athigher
CONCENTRATION OF DUST (mg/ml) temperatures. For samples calcined at 1095°C, the abil- ity to lyse erythrocytes is reduced to about 10% ofthe
Hemolyticactivityofuncalcined (untreated) samplesver- untreated value for Cab-O-Sil and to about 30% ofthe
dust concentration. At low concentration Cab-O-Sil is untreated value for Min-U-Sil. Considering that cal-
orderofmagnitude morecytotoxic than Min-U-Sil onaper cination at 10950C reduces the specific surface area of
3 basis. Data are median values ± SD, based on three to Cab-oi to C rduce ts original sue are plicate samples for Cab-O-Sil and four to five duplicate Cab-O-Siltoonlyone-thirdofitsoriginalvalue, itmaybe
f Min-U-Sil. Lines are drawnthrough thedatapointsfor inferred that the reduction of hemolytic activity by
l. effects otherthan the reduction ofsurface areas is simi-
lar for both materials.
The effects of rehydroxylation of the silica surface
observedbyFTIR spectroscopywerealsoseeninhemo-
lysis assay results. Min-U-Sil and Cab-O-Sil calcined at
01 1 1095°C showed only a slight increase in hemolytic activ-
Min-U-Sil ity after several months ofstorage, as shown in Figure
Ix I_ \-is 1 13. The same dusts calcined at lowertemperatures re-
iV, 5 \ \ T turnedvaluesofhemolyticactivityofuntreatedmaterial
within 10 to 20 days, as illustrated in Figure 14.
0 200 400 600 800 1000
TEMPERATURE (C)
FIGURE 12. Effect ofcalcination temperature onhemolytic activity of
Cab-O-Sil and Min-U-Sil samples at dust concentration of 0.05
mg/mL. The data are normalized to the hemolytic activity of un-
treated (uncalcined) sample and represent median values SD
based on three to four duplicate samples. Lines are drawn through
the data points for visual aid.
Discussion
The parallel results ofhemolytic activity and surface-
free OH group concentration suggests that silanol
groups may be directlyinvolved inthelysing process. If
so, then the relative changes in the intensity of the
silanol groupsmeasuredbytheFTIRbandat3745 cm-
may be used to determine the hemolytic potential and,
possibly, the cytotoxicity of respirable silica particles.
This hypothesis is based on the following positive cor-
relations: a) The intensity of the silanol band at 3745
cm-1 after calcination at different temperatures (Fig.
8) and the relative hemolytic activities (Fig. 12) show a
similardependence oncalcinationtemperature, namely,
an increase at lower temperatures, reaching maximum
value near 5000C, followed by drastic decreases at
highertemperatures. Incontrasttothefreesilanolband
at 3745 cm-1, the intensity ofthe broad band at 3000 to
3700 cm-1thatisattributed tovarioushydrogenbonded
OH groups, physisorbed water, and other impurities
decreases monotonically with calcination temperature
(Fig. 8). b) The ratio ofthe intensity of the free silanol
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FIGURE 13. Data onthe recoveryofthehemolysisoftheCab-O-Siland
Min-U-Sil calcined at 1095°C and tested at dust concentration of0.5
mg/mL, with exposure in air in days. The untreated (uncalcined)
sample shows no change in hemolysis with time. Lines through the
data points are for visual aid.
band in Cab-O-Sil to that in Min-U-Sil (= 20 in Fig. 8) is
about the same as the ratio oftheir hemolytic activities
(Fig. 11). The lack of one-to-one correlation between
hemolysis and intensity ofthe silinol band (Figs. 8 and
12), particularly below 500°C, may be due to other fac-
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are connected by
tors. Forexample, thebroad bandmayhavesomeeffect
on hemolytic activity, and the relationship between the
surface structure ofparticles and their hemolytic activ-
itymaybe complex and dependent onseveral variables.
However the correspondence observed here between
the intensity ofthe silanol band and hemolytic activity,
particularly above 500°C, is more consistent than any
other relationship that has been proposed for quan-
tification of hemolytic activity (e.g., quartz content,
crystallinity, etc).
Previously reported experiments (2-10) have indi-
catedapossiblecorrelation betweencytotoxicityandthe
concentration of surface silanol groups on silica par-
ticles. However, the results presented here onthe vari-
ationswithcalcinationtemperatures andthecomparison
between Min-U-Sil and Cab-O-Sil are new and, in our
view, provide a more convincing case forthe correlation
between the hemolytic activity and the concentration of
the surface silanol groups as measured by the intensity
of the 3745 cm-1 FTIR band.
A possible explanation for the observed relationship
between the intensity of the silanol band and the cal-
cination temperature shown in Figure 8 is considered
next. Theinitialincrease inthe intensityofthis band for
calcination temperatures below 500°C may be related to
the accompanying decrease in the intensity ofthe broad
band (Fig. 6). Asthe calcination temperature increases,
the absorbed water that is hydrogen bonded to the
silanol groups is desorbed. The intensity ofthe narrow
band ofthe free-surface OH groups increases. Most OH
groups onthe silica surface [namely, vicinalandlinearly
bonded OH groups (16)] are mutually bonded; when the
H-bonds between these species are broken by cal-
cination, the intensity ofthe free silanol band is further
increased. After calcination at about 500°C, the broad
bandnearlydisappears(Fig. 6), signalingtheremovalof
H-bonded impurities and surface groups. Calcination
above 600°C causes neighboring free silanol groups to
combine, liberate water, and form the stable siloxane
bonds:
OH
Si
/1\
OH
+ I
Si
/1\
0
> Si Si
-H20 /1\ II\
T/ T(calc) =9500C The position and the half-width ofthe sharp band then
Ivr become constant (Figs. 9 and 10), whereas its intensity
continues to decrease. After calcination temperatures
. .near 1100°C, the silica surface approaches a fully sil-
4.0 8.0 12.0 16.0 20.10 oxinated configuration. The siloxane surface is hydro- 4A0
8.0 12.0 16.0 20.0
phobic, and the rehydroxylation of this material is ex-
DAYS AFTER CALCINATION tremely slow. The lysing or hemolytic potential of silica
particles with a siloxane surface structure is also very
Ice forthe recovery ofhemolytic activity ofCab-O- low.
00°C and 950°C, by exposure to air. The sample The theory that the toxicity of silica is related to its
ar temperature recovers its hemolytic activity surface silanol groups was first advanced by Nash et al.
)resent median values ± SD with three duplicate
and fourduplicate samplesfor950°C. Datapoints (31). The theory is based on evidence that proteins
r lines for visual aid. denatureinthe presence ofproton-donatingcompounds,
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e.g., Si-O-H, and this is proposed as the mechanism
underlyingmembrane damage and hemolysis caused by
respirable silica particles. The more recent paper by
Summerton etal. (32) suggeststhat surface hydrogen of
silicabonds toprotein components ofthemembrane and
subsequently abstracts these proteins from the mem-
brane. Theresearch by LightandWei (33) onthe hemo-
lytic activity of abestos particles linked membrolytic
activity tothenegative charge onparticle surfaces (i.e.,
ionizedsilanolgroups). Morerecently Langerand Nolan
(10) proposed that both functionalities of the surface
silanol are involved in the lysing ofred blood cells. Also
thepossible roleoffreeradicals ofcrystalline silicatoits
cytotoxicity has been discussed byVallyathan et al. (34)
in a recent paper.
It has also been shown that various blocking and/or
neutralizingprocessescanreduceoreliminatethehemo-
lyticactivity ofsilicaparticles. Thehydrogenbondingof
certain molecules such as polyvinyl pyridine-N-oxide
and pyridine-N-oxide to the silanol groups on a silica
surface effectively inhibit the hemolytic activity ofsilica
particles (35,36). Similar effects have been obtained by
the absorption of surfactants, aluminum compounds,
and treatment with hydrofluoric acid (8,20). Recent
experimentsbyRazzaboniandBolsaitis(37)haveshown
that the addition ofexogenous catalase to erythrocytes
markedly reduces the hemolysis caused by silica
particles.
The present experiments show avery direct relation-
ship between free silanol group intensity and cell lysis
and suggest that the FTIR spectroscopy may be useful
formonitoringthecytotoxicity ofsilicaparticles. Hemo-
lytic activity is not, however, definitive proof of fi-
brogenicity. Fibrogenicity andcytotoxicity mustbe cor-
roborated by macrophage tests and in vivo assays. We
are currently conducting such experiments with vari-
ously treated silica particles, and we will apply FTIR
spectroscopy tomonitorthe surfacefunctional groupsof
the materials tested.
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Mines under the Generic Technology Center for Respirable Dust,
grant no. G1135142. Useful discussions are also acknowledged with
W. E. Wallace, Jr., ofNational Institute for Occupational Safety and
Health, Morgantown, WV.
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